The endoplasmic reticulum transmembrane receptor Ire1 senses over-accumulation of unfolded proteins in the endoplasmic reticulum and initiates the unfolded protein response (UPR). The cytoplasmic portion of Ire1 has a protein kinase domain (KD) and a kinase extension nuclease (KEN) domain that cleaves an mRNA for encoding the Hac1 transcription factor needed to express UPR genes. During this UPR signaling, Ire1 proteins self-assemble into an oligomer of dimers, which essentially requires autophosphorylation of a constituent activation loop in the KD. However, it is not clear how dimerization, autophosphorylation, and KEN domain function are precisely coordinated. In this study, we uncoupled the KD and KEN domain functions, by removing the activation loop along with an extended region that we called the auto-inhibitory region (AIR), or by swapping the activation loop with a homologous loop from phosphorylase kinase 1 (Ire1 PHK ). Both Ire1 ΔAIR and Ire1 PHK activated the UPR even when either protein contained a mutation (D797A) that abolished the ability of Ire1 KD to transfer phosphates to the AIR. Neither protein functioned when containing mutations in key ATP binding residues (E746A and N749A) or in residues that disrupted Ire1 dimer interface (W426A or R697D). We interpret these results as evidence supporting the notion that the Legend: In resting cells, the endoplasmic reticulum (ER) transmembrane protein Ire1 remains as an inactive monomer with the lumenal domain (LD) (light green) bound to an ER-resident chaperon Kar2 (yellow). In the cytoplasm, the bilobal kinase (light blue) and RNase (shaded blue) domains are latent with an un-phosphorylated auto-inhibitory region (AIR in orange line) that collapses in the kinase/RNase active sites. Under conditions of ER stress, unfolded protein in the ER lumen (wavy line in gray) promotes Ire1 dimerization that leads to autophosphorylation of the AIR residues. The phosphorylated AIR moves away from the kinase/RNase active sites, thus releasing the auto-inhibitory interaction. The phosphorylated dimer binds to ADP and proceeds to form large-scale oligomer to make an active Ire1.
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The endoplasmic reticulum transmembrane receptor Ire1 senses over-accumulation of unfolded proteins in the endoplasmic reticulum and initiates the unfolded protein response (UPR). The cytoplasmic portion of Ire1 has a protein kinase domain (KD) and a kinase extension nuclease (KEN) domain that cleaves an mRNA for encoding the Hac1 transcription factor needed to express UPR genes. During this UPR signaling, Ire1 proteins self-assemble into an oligomer of dimers, which essentially requires autophosphorylation of a constituent activation loop in the KD. However, it is not clear how dimerization, autophosphorylation, and KEN domain function are precisely coordinated. In this study, we uncoupled the KD and KEN domain functions, by removing the activation loop along with an extended region that we called the auto-inhibitory region (AIR), or by swapping the activation loop with a homologous loop from phosphorylase kinase 1 (Ire1 PHK ). Both Ire1 ΔAIR and Ire1 PHK activated the UPR even when either protein contained a mutation (D797A) that abolished the ability of Ire1 KD to transfer phosphates to the AIR. Neither protein functioned when containing mutations in key ATP binding residues (E746A and N749A) or in residues that disrupted Ire1 dimer interface (W426A or R697D). We interpret these results as evidence supporting the notion that the Legend: In resting cells, the endoplasmic reticulum (ER) transmembrane protein Ire1 remains as an inactive monomer with the lumenal domain (LD) (light green) bound to an ER-resident chaperon Kar2 (yellow). In the cytoplasm, the bilobal kinase (light blue) and RNase (shaded blue) domains are latent with an un-phosphorylated auto-inhibitory region (AIR in orange line) that collapses in the kinase/RNase active sites. Under conditions of ER stress, unfolded protein in the ER lumen (wavy line in gray) promotes Ire1 dimerization that leads to autophosphorylation of the AIR residues. The phosphorylated AIR moves away from the kinase/RNase active sites, thus releasing the auto-inhibitory interaction. The phosphorylated dimer binds to ADP and proceeds to form large-scale oligomer to make an active Ire1.
Introduction
Most nascent proteins fold and mature in the endoplasmic reticulum (ER). Matured proteins then travel from the ER to Golgi to other cellular organelles or on the cell surface (e.g., receptors). During cellular and environmental stress, unfolded and misfolded proteins accumulate inside the ER causing ER stress, activating three ER-resident sensor proteins: Ire1, 1, 2 PERK, 3 and ATF6. 4 Each of these proteins contains a lumenal domain (LD) that senses ER stress and a cytoplasmic domain that transmits the stress signal to the nucleus through a network of signaling pathways collectively called the unfolded protein response (UPR). 5, 6 The UPR provides protective mechanisms to accommodate ER stress. While all three proteins coordinate the UPR in mammals, only Ire1 signals the ER stress in yeast cell.
Ire1 is a conserved protein from yeast to human. Its cytoplasmic domain (Ire1 cyto ) contains a protein kinase domain (KD) and an RNase domain (Fig. 1a) . The crystal structure of yeast Ire1 cyto 8, 9 reveals that the kinase domain folds into a bilobal structure, seen in all canonical protein kinases 10 with a smaller Nterminal lobe (N-lobe) and a larger C-terminal lobe (Clobe). The RNase domain folds into a unique structure, not seen in other nucleases called a KEN (kinase extension nuclease) domain. Both kinase and RNase domains in the crystal structure have been shown to arrange in a back-to-back dimer, consistent with the observation that alleles with mutations that disrupt the putative dimer interface in the crystal structure (i.e., R697D) do not activate the UPR. 8 The crystal structure further reveals that the activation loop, which is a segment between conserved Asp-PheGly (DFG) and Ala-Pro-Glu (APE) motifs in the kinase domain, is phosphorylated in residues S840, S841, and T844. Further mutational analyses show that only the latter two residues are absolutely required for the Ire1-mediated stress response. 8, 9 Recombinant Ire1 cyto protein also crystallizes as an oligomer of seven dimers when extra 32-linker residues present at the N-terminus. 9 Concurrent imaging studies also show that Ire1 proteins assemble into higher-order complexes in cells, called Ire1 foci. 11, 12 Collectively, these results support a prevailing model with two key points. First, Ire1 monomers cluster across the ER membrane. Second, the kinase domain activation requires autophosphorylation of the constituent activation loop. However, the molecular mechanism of oligomerization and subsequent RNase domain activation is still not clear. Other unresolved issues include how activation loop autophosphorylation coordinates RNase domain function, and how dimerization promotes autophosphorylation in the activation loop, or vice versa. In addition, the role of the Ire1-kinase domain in the stress response remains unclear because of two prevalent distinct views. 13 Rubio et al. propose that the Ire1-kinase activity must hyper-transphosphorylate itself to disassemble Ire1 signaling complexes to attenuate signaling. 14 In contrast, Chawla et al. propose that the dephosphorylation of the Ire1 KD activates attenuation of the UPR. 15 To gain more insight into the underlying mechanisms of KD dimerization and activation loop autophosphorylation, we removed an auto-inhibitory region (AIR) encompassing the KD activation loop. We observed that yeast with an AIR deletion allele (Ire1 ΔAIR ) still grows in the presence of tunicamycin (Tm) (an ER stress inducer), cleaves HAC1 mRNA, and induces genes under control of a UPRE (unfolded protein response element) promoter. Unlike earlier studies where the activation loop phospho-acceptors (S841 and T844) were substituted with Asp, 15 we studied S841E and T844E mutants, and also constructed an Ire1 chimera (dubbed Ire1 PHK ), where the Ire1 activation loop was replaced with a loop from phosphorylase kinase 1 (Phk1). Both these new recombinant Ire1 alleles mimic the phosphorylated state of the activation loop and induce the UPR even when either protein contained a mutation (D797A or D797N) suspected to abolish the ability of Ire1 KD to transfer phosphates to the AIR. Recombinant purified chimeric Ire1 PHK binds ADP with the same affinity as wild type (WT) but with a smaller change in enthalpy. We also have observed that an Ire1 mutant (Ire1-E746A,N749A) lacking two ATP binding residues is unable to activate the UPR even though a fluorescent derivative of the Ire1-E746A, N749A mutant has been shown to assemble into higher-order complexes with the WT protein in yeast cells. Collectively, these data support that ADP binding to Ire1 KD is crucial for Ire1-mediated stress response.
The functional redundancy of the KD in the Ire1 ΔAIR or Ire1 PHK suggests that the primary function of the kinase activity is to phosphorylate the AIR in order to relieve auto-inhibition. Also, we interpret that the ATP binding to the KD for AIR phosphorylation and the ADP (or ATP) binding to the KD for KEN-catalyzed HAC1 mRNA cleavage are independent but intricately related phenomena. Indeed, data show that ADP (or ATP) binding to the KD is still necessary even when protein phosphorylation is not needed to activate UPR, explaining why ADP has been observed to activate Ire1 KEN domain-catalyzed RNA cleavage in vitro. 8, 16, 17 In these studies, we utilized several Ire1 derivatives including Ire1 PHK -D797A and Ire1
ΔAIR -D797N, which are in fact pseudokinases because they lack the kinase catalytic activity. 18 Thus, our results have been discussed in the context of pseudokinase domain evolution.
Results

Identification of an AIR in Ire1-kinase domain
The crystal structures of yeast Ire1 cyto reveal that the kinase domain forms a back-to-back dimer in an active-state conformation with phosphorylated activation loop, 8, 9 whereas its human homolog forms a The ER-resident LD (green) is connected to the cytoplasmic domain by a transmembrane region (TM, red). The cytoplasmic domain contains a kinase domain (black) and an RNase domain (light blue). The AIR in the kinase domain (yellow) spans residues D836 to F892, whereas the HPL spans residues S864 to F892. The residues D836 to F892 are deleted in Ire1 Δ56 , whereas residues C869 to F892 are deleted in Ire1 Δ24 . (b) The yeast UPR pathway. Under ER stress conditions, the active Ire1 (indicated by *) promotes HAC1 mRNA splicing. The spliced mRNA yields a functional Hac1 protein (Hac1p) that induces many ER-stress-responsive genes, resulting in a tunicamycin-resistant (Tm r ) phenotype. (c) The yeast strains (ire1Δ) carrying vector or the indicated Ire1 variants were serially diluted, spotted, and tested growth on SD medium and an SD medium containing Tm (0.4 μg/ml). Total RNA was isolated from yeast strains carrying indicated Ire1 variants and RT-PCR was used to analyze spliced (HAC1 s ) and un-spliced (HAC1 u ) HAC1 transcripts. (d) Quantification of the ER stress response. The yeast strains carrying indicated Ire1 variants were transformed with a highcopy-number cyc1-lacZ reporter plasmid containing a single UPRE from the yeast KAR2 gene. 7 Transformants were grown for 4 h in synthetic complete (SC) medium, and transferred to SC medium in the presence (+) or absence (−) of 2 mM DTT. Cells were harvested after 4 h and β-galactosidase activities were determined as described previously. 8 Plotted in the histograms are the average and standard error obtained from three independent experiments. face-to-face dimer in an inactive-state conformation. 19 These structural data indicate that Ire1 activation might involve a transition from the face-toface dimer to back-to-back dimer, which is accompanied by autophosphorylation within an internal region that we called the AIR (Fig. 1a) . The AIR includes the activation loop and an adjacent region previously reported to be a major autophosphorylation site called the hyper-autophosphorylated loop (HPL).
14 The AIR, in its un-phosphorylated form, appears to prevent Ire1 function by collapsing either in the kinase or in the RNase active site. To test this hypothesis, we chose to delete 56 internal residues (D836 to F892) from the kinase domain and made an Ire1 Δ56 variant (Fig. 1a) . Further, multiple sequence alignment showed that 24 residues in the HPL are not conserved in Ire1 proteins. 8 Thus, we made another Ire1
Δ24 variant by deleting these 24 residues (C869 to F892) from the HPL. We then expressed these Ire1
Δ56 and Ire1 Δ24 variants in an ire1Δ yeast strain and tested the UPR.
Key molecular responses of the yeast UPR include the following: (1) activation of both Ire1 KD and KEN domain functions, (2) removal of an inhibitory intron from HAC1 (yeast) or XBP1 (human) mRNA by the KEN domain, 20 and (3) ligation of two HAC1/XBP1 exons to form a mature mRNA, 21 which yields a functional Hac1/Xbp1 protein that activates the transcription of stress-responsive genes involved in adapting to ER stress (Fig. 1b) . 20, 22 These responses are manifested in yeast cells by their growth on a medium containing Tm. As shown in Fig. 1c , yeast cells lacking an IRE1 gene (ire1Δ, carrying an empty vector, SD, lane 1) or the cells expressing WT Ire1 from a LEU2 plasmid (SD, lane 2) were able to grow on a synthetic dextrose (SD) medium. However, growth on SD medium containing Tm required expression of IRE1 gene (Fig. 1c , Tunicamycin, compare lanes 1 and 2), indicating that the Ire1 activates the ER stress response.
Interestingly, we observed that yeast cells expressing an Ire1 Δ24 or Ire1 Δ56 were able to grow on Tm medium (Fig. 1c, lanes 4 and 5) . To confirm that growth on Tm was mediated by Ire1-HAC1 signaling, we examined the level of HAC1 transcripts in those cells. Total RNA was isolated (Fig. 1c, RNA) and reverse transcriptase (RT)-PCR was used to analyze spliced HAC1 transcripts. As expected, both un-spliced (HAC1 u ) and spliced (HAC1 s ) HAC1 transcripts were detected in yeast expressing WT, Ire1
Δ56 , or Ire Δ24 variant (Fig. 1c , RT-PCR, lanes 2, 4, and 5), suggesting that growth on Tm medium was associated with HAC1 mRNA splicing. The spliced mRNA yields a Hac1 protein that binds to UPRE and activates transcription of several ERstress-responsive genes. 23 Thus, we also monitored the Hac1-induced transcription activation by quantifying a UPRE-driven lacZ expression 7 in the presence of dithiothreitol (DTT, an ER stress inducer). As shown in Fig. 1d , addition of DTT failed to induce lacZ expression in ire1Δ cells (Fig. 1d, vector) . In contrast, robust induction of lacZ (Fig. 1d) was observed in yeast expressing WT (9-fold), Ire1
Δ56 (6-fold), or Ire1 Δ24 (10-fold) variant. These data suggest that autophosphorylation in the AIR (activation loop and the adjacent regions) plays a regulatory role in Ire1 function.
This functional Ire1 Δ56 isoform lacks critical autophosphorylation sites; thus, it appears that the kinase catalytic function might not be necessary for its regulatory role. In a typical kinase domain, the key catalytic function, in particular phospho-transfer reaction, is reported to be mediated by a conserved Asp of the RD motif. 24 Consistently, we observed that the mutation of Ire1-D797 to an asparagine (D797N) impaired the UPR response (Fig. 1c, lane 3 , yeast growth on Tm and 4% mRNA splicing).
Interestingly, Ire1
Δ56 -D797N mutant allowed yeast to grow on Tm medium (Fig. 2c , Tunicamycin, lane 6), and growth was correlated with splicing of HAC1 mRNA (Fig. 2c , RT-PCR, lane 6) and with induction of the UPRE-driven lacZ expression (Fig. 1d, Δ56-D797N ). Collectively, these data suggest that a critical role of the Ire1 KD is to autophosphorylate the activation loop in order to relieve auto-inhibition. In fact, this functional Ire1 Δ56 -D797N protein is a pseudokinase that lacks the activation loop and a key catalytic residue, thus providing important insights into the role of pseudokinase domain in a multi-domain protein.
Functional substitution of Ire1 activation loop residues
An absolute requirement for Ire1-kinase domain activation is autophosphorylation of its constituent activation loop residues S841 and T844 8, 9 (see Supplemental Data 1). Consistently, we observed that alanine substitutions for these residues in a single protein (Ire1 S841A,T844A ) caused a severe impairment of yeast growth on Tm medium (Fig.  2a , Tunicamycin, lane 3), whereas glutamate substitutions (Ire1 S841E,T844E ) did not affect cell growth on the same medium (Fig. 2a , Tunicamycin, lane 4). These data suggested that glutamates could mimic the phosphorylation state of these residues and prompted us to compare the configurations of the activation loops between Ire1 and metabolic enzyme Phk1, 25 because the activation loop of Phk1 does not contain any regulatory phospho-acceptor amino acids (Fig. 2b , shaded yellow) and a phosphomimetic glutamate (E182) occupies the corresponding position of the Ire1-T844. Further, overlay of the Ire1-kinase structure onto the structure of Phk1 (Fig.  2b , bottom panel) showed a considerable homology (root mean square deviation, rmsd = 2.896) with αC-helices oriented outward from the ATP/ADP binding site ( Fig. 2b and see Supplemental Fig. 2 ) and the residue Phk1-E182 aligned with the phosphorylated threonine 844 of Ire1 (Ire1-T844-P). These structural analyses indicated that the activation loop of Phk1 might be a mimic of the phosphorylated Ire1 activation loop with E182 corresponding to the phosphorylated T844. We replaced the N-terminal segment of the Ire1 activation loop (20 residues) with the activation loop of Phk1 (15 residues) generating the chimera Ire1 phk1 (Fig. 2b , residues shaded in yellow). Interestingly, we observed that Ire1 phk1 was able to support yeast growth on Tm medium (Fig. 2a , lane 5), albeit at a lower rate than WT (lane 2). Growth on Tm was associated with increased HAC1 mRNA splicing (Fig. 2a , RT-PCR, lane 5) and UPREdriven lacZ expression (Fig. 2d, Ire1 phk1 ), indicating that the activation loop of Phk1 functionally substitutes for the Ire1 activation loop.
The residue Phk1-E182 or Ire1-T844-P makes a conserved polar contact with Arg of the conserved RD motif (Fig. 2c , residues colored red). In a typical active kinase domain, this sort of interaction is known to promote correct orientation of the adjacent Asp in the kinase active site in order to facilitate the phospho-transfer reaction. 26 To determine the relative contribution of phospho-mimetic glutamate (E182) to Ire1 phk1 function, we mutated the residue E182 to an alanine. We observed that yeast cells expressing the Ire1 phk1 -E182A (Fig. 2a , Tunicamycin, lane 6) were able to grow on Tm better than cells expressing the Ire1 phk1 (Tunicamycin, lane 5), and growth was associated with HAC1 mRNA splicing (Fig. 2a , RT-PCR, lane 6) and UPRE-driven lacZ expression (Fig. 2d, Ire1 phk1 -E182A). These data indicate that Ire1 phk1 -E182A (hereinafter will be abbreviated as Ire1 PHK ) does not require the interaction between the Arg of the RD motif and the phosphomimetic E182, similar to what has been observed in kinases that lack an RD motif. 27 Finally, we obtained two Ire1 variants Ire1 S841E,T844E and Ire1 PHK , which mimicked the phosphorylation state of the activation loop, and chose the Ire1 PHK chimera to dissect the role of Ire1 KD in the ER stress response.
The Ire1
PHK signals the UPR as an oligomer of dimers
The UPR mediated by Ire1 PHK was not constitutively active but was induced during ER stress (Fig.  2d, ± DTT) . This suggested that Ire1 PHK function perhaps required LD dimerization 28 and possibly also KD dimerization. 8, 29 To test the importance of the LD dimerization, we mutated the residue Trp426 (W426) of Ire1 PHK to an Ala. The residue W426 is mapped to the dimer interfaces, 30 and the W426A mutation was reported to reduce the Ire1 activity. Similarly, we observed that the W426A mutation of Ire1 PHK exhibited a severe yeast growth on Tm medium (Fig. 3a, Tunicamycin, lane 4) , indicating that LD dimerization is important for Ire1 PHK function. Next, to test the importance of KD dimerization, we mutated the residue Arg697 (R697) to an Asp in Ire1 PHK . The residue R697 is mapped to the KD dimer interface (Fig. 3b) and that R697D mutation impairs the ER stress response. 8 Consistently, the R697D mutation of Ire1 PHK exhibited a severe growth defect on Tm medium (Fig. 3a, lane 5) . Western blot analysis (Fig. 3a, WB) showed that W426A and R697D mutations did not affect expression of these proteins. These data collectively indicate that both dimerization of the KD and LD are important for the UPR even if the activation loop adopts a phospho-mimetic state.
To further confirm the above in vivo observations, we examined the effect of the KD dimerization on KEN domain function in vitro. The cytoplasmic domain of WT Ire1, Ire1
PHK , and Ire1 PHK -R697D were expressed in bacteria and purified as recombinant proteins (Fig. 3c, stain) . The recombinant protein was mixed with a fluorescein-conjugated target RNA hairpin (corresponding to the 3′-splicing hairpin of HAC1 mRNA) in a cleavage reaction. The reaction mixture was then separated on a denaturing gel and RNA cleavage products were visualized by UV light. The RNA cleavage products were observed when mixed with the recombinant WT and Ire1 PHK proteins (Fig. 3c, lanes 1 and 2) , but not when mixed with the Ire1 PHK -R697D (Fig. 3c , lane 3), confirming that the KD dimerization is absolutely required for KEN domain function even if the activation loop mimics the phosphorylated state. Collectively, both in vivo and in vitro data suggest that dimerization and activation loop autophosphorylation are two distinct events, but intricately related.
We observed that the purified recombinant proteins (Ire1 cyto domain only) of Ire1 PHK , Ire1 Δ56 , or Ire1 Δ56 -D797N precipitated at higher concentration, indicating that these proteins had inherent nature to form an oligomer. To quantify the oligomer formation of Ire1
PHK and Ire1 Δ56 -D797N in vitro, we performed a turbidity assay essentially as described previously. 16 The recombinant protein (Ire1 PHK or Ire1 Δ56 -D797N) was incubated in a buffer containing 2 mM ADP, and the optical density (OD) at 490 nm was measured (Fig. 3d) . Figure 3d shows a rapid increase in ODs of these proteins at concentrations more than 2.5 μM, suggesting that Ire1 PHK or Ire1 Δ56 -D797N aggregates as higher-order complexes.
Ire1
PHK -kinase function is dispensable for the UPR
The activation loop of either Ire1 S841E,T844E or Ire1 PHK mimicked the phosphorylation state; thus, it appeared that they might bypass the requirement of kinase catalytic function. To test this, we mutated the key catalytic residue Asp797 (D797) to an Ala in Ire1 PHK as well as in Ire1 S841E,T844E . As shown in Fig.  4a , yeast cells expressing the Ire1-D797A (Tunicamycin, column 3) were unable to grow on Tm medium, indicating that the kinase function was essential for the stress response. Interestingly, we observed that yeast expressing the Ire1 PHK -D797A (Fig. 4, lane 5 ) was able to grow on Tm medium and the observed growth was associated with increased HAC1 splicing (Fig. 4b, RT-PCR, lane 3) and UPREdriven lacZ expression (Fig. 4c, Ire1 PHK -D797A). These data suggest that Ire1 PHK can bypass the requirement of kinase catalytic function while activating the UPR. In contrast, even though two phospho-mimetic glutamates functionally substituted the residues S841 and T844 (Fig. 4a , Tunicamycin, lane 6), yeast expressing the Ire1 S841E,T844E -D797A mutant was unable to grow on Tm medium (lane 7). These growth defects suggested that the activation loop of this mutant might not represent a phosphorylated state as we observed in the case of Ire1 PHK . To confirm that the kinase domain of the Ire1 PHK -D797A was catalytically inactive, the cytoplasmic domain of Ire1 PHK -D797A was expressed in bacteria and purified as a recombinant protein (Fig. 4d, stain) . Recombinant protein was mixed with radioactive ATP (γ-33 P-ATP) in a kinase reaction mixture. After 30 min, the reaction mixture was quenched by addition of 2 × SDS dye and separated on a polyacrylamide gel. The gel was dried and the phosphate incorporation was detected using a PhosphorImager (GE Healthcare, USA (Fig. 4d, Ire1~P, lanes 1, 2, and 3 (Fig. 4d) . We reasoned that this difference was due to lack of residues S840, S841, and T844 in the activation loop of Ire1
PHK . Collectively, these results suggest that the KEN domain function of Ire1 PHK -D797A is independent of its KD function. PHK -D797A were grown until the OD 600 reached 0.8, and then DTT (2 mM) was added to induce the ER stress. After 1 h of stress, cells were washed thoroughly to remove DTT and resuspended in a fresh complete medium, and an aliquot was collected to measure the OD at 600 nm (time = 0) and the HAC1 mRNA profile. Then, equal amount of cells were collected after 30, 60, 120, or 240 min. At each time point, growths were monitored by measuring the OD 600 and plotted against the respective times. (b) Also, HAC1 mRNA profiles were monitored by RT-PCR analysis.
We then utilized this UPR-competent but kinasedead Ire1 PHK -D797A derivative to understand the role of Ire1-kinase activity in homeostasis adaptation during ER stress. We grew yeast cells expressing WT or Ire1 PHK -D797A until the OD 600 reached 0.6, and then DTT was added to induce ER stress. After 1 h of DTT treatment, cells were thoroughly washed and allowed to grow further in a fresh complete medium. Then, cell growth was monitored at 30, 60, 120, or 240 min, and HAC1 mRNA profiles were examined in each time point (Fig. 5) . Within 2 h of release from the ER stress, cells started growing and the growth rate of cells expressing WT was faster than cells expressing Ire1 PHK -D797A (Fig. 5a ). As expected, under normal condition, no HAC1 mRNA splicing was observed in cells carrying either WT or Ire1 PHK -D797A (Fig. 5b, lane 1) , whereas splicing was induced with DTT treatment (Fig. 5b, HAC1 s , lane 2). No spliced Hac1 mRNA was observed even at 30 min of post-wash in WT cell (Fig. 5b , WT, lane 3), whereas spliced HAC1 mRNA was observed till 120 min of the post-wash in Ire1
PHK -D797A cells (Fig. 5b, Ire1 PHK -D797A, lanes 3 to 6). The prolonged HAC1 splicing in Ire1 PHK -D797A cells even after the release from stress suggested that kinase activity might have a role in the early stage of ER homeostasis. However, the prominent growth of Ire1 PHK -D797A cells under ER stress condition and the complete recovery after 2 h of the release from stress suggested that the kinase activity might not have any added advantage over attenuation of the UPR as reported earlier.
15
Ire1
PHK -RNase function requires ADP binding to the kinase domain ADP and its derivatives are known to induce a conformational change in Ire1 and to activate the Ire1-RNase function. 2, 8, 16 To determine whether ADP was required for Ire1 PHK function, we performed an RNA cleavage assay in the presence and absence of ADP, using the target RNA hairpin as a substrate. Similar to WT protein, the recombinant Ire1 PHK (Fig. 6a, stain) was able to cleave the target RNA in the presence of ADP (Fig. 6a, upper panel,  cleaved) but was unable to cleave RNA in the absence of ADP (Fig. 6a, lower panel) . These data suggest that ADP binding to the Ire1
PHK is important for Ire1-RNase function.
To determine the relative ability of Ire1 PHK to bind to ADP, we performed isothermal titration calorimetry (ITC) experiments using Ire1
WT and Ire1 PHK ( Fig. 6b  and c WT was 21% higher (ΔH = − 12.7 ± 1.2 kcal/mol) than it was for the binding of ADP to Ire1 PHK (ΔH = − 10.5 ± 2.9 kcal/ mol), a smaller change in entropy was observed when ADP binds to Ire1 PHK (Ire1 WT ΔS = −22.9 cal/K; Ire1 PHK ΔS = −15.9 cal/mol*K). These thermodynamic differences, which might indicate a smaller conformational change in Ire1 PHK upon ADP binding, explain why the UPR in yeast expressing an Ire1
PHK is moderately weaker than in cells expressing WT Ire1 (Fig. 2a , compare growths on Tm medium, lanes 2, 5, and 6; and Fig. 2d , compare lacZ expressions for WT Ire1, Ire1 phk1 , and Ire1 phk1 -E182A in Fig. 2d ). Further analysis of the ADP binding site of the Ire1-kinase domain [Fig. 7a , Ire1-kinase active site, Protein Data Bank (PDB) ID: 2RIO] revealed that the ribose and adenine ring of ADP are buried in a hydrophobic pocket with the NH 2 group at position 6 of the adenine ring in a hydrogen bond interaction with a conserved glutamate residue (E746) from the hinge region. Both 2′-and 3′-hydroxyl moieties of the ribose sugar contact the side chain of N749 from the C-lobe. The phosphates of ADP are in a cleft below the conserved glycine-rich loop (G-loop) and are anchored by residues S684, K702, and D828. We observed that single mutation of residues D828 and K702 abolished yeast growth on Tm medium (Supplemental Data 3); however, neither the D828A mutation 15 nor the K702R mutation (data not shown) showed any defect in ADP binding in vitro.
Thus, we chose residues E746 and N749 to mutate together in a single protein to completely abolish the ADP binding. The rational of this idea is to destroy two high-affinity binding sites. We observed that yeast growth on Tm medium was severely impaired in cells expressing the double mutant Ire1-E746A, N749A (Fig. 7b, lane 5 ) compared to cells expressing the single mutant Ire1-E746A (Fig. 7b , Tunicamycin, lane 3) or Ire1-N749A (lane 4). Consistently, HAC1 mRNA splicing (Fig. 7b , RT-PCR, Hac1 S , lane 5) was substantially reduced in the Ire1-E746A, N749A cells.
To confirm the in vivo observation, we performed an RNA cleavage assay using the recombinant Ire1 cyto -E746A,N749A protein (Fig. 7c, stain) . Absence of cleavage product (Fig. 7c, cleaved) suggested that the residues E746 and N749 play a major role in ATP binding to the kinase active site. Further, to understand the role of E746 and N749 in Ire1 PHK function, these residues were mutated to alanine. Shown in Fig.  7b , the Ire1 PHK -E746A,N749A was unable to support yeast growth on Tm medium (Tunicamycin, lane 7), implying that ADP binding to the kinase domain is important for KEN domain function even if activation loop phosphorylation is not absolutely required.
Ire1-E746A,N749A proteins assemble into an oligomer in yeast cell Impaired ER-stress signal in yeast expressing the Ire1-E746A,N749A mutant suggested that ADP might act as a cofactor that remotely influences the RNase domain function, or might play a role in the formation of an oligomer. To test these possibilities, we used a fluorescence resonance energy transfer (FRET)-based stoichiometry assay to analyze the subunit composition of Ire1 proteins. For these studies, we made fluorescent derivatives Ire1-GFP 2 and Ire1-YFP fusion proteins where 24 residues of Ire1 (C869 to F892) were replaced by either GFP 2 31 or YFP. 32 These functional Ire1-GFP 2 and Ire1-YFP (Supplemental Fig. 5 ) were co-expressed in yeast, and a two-photon microscope with spectral resolution (TPM-SR) was used to probe for FRET between Ire1-GFP 2 and Ire1-YFP. In these FRET analyses, GFP 2 was used as a donor, whereas YFP was used as an acceptor, since its excitation spectrum overlaps perfectly with the donor emission.
Yeast cells expressing separately Ire1-GFP 2 or Ire1-YFP were used to determine the fluorescence spectra of GFP 2 and YFP. Cells not showing any donor or acceptor signals were used to extract the average spectra of cellular auto-fluorescence. All these spectra were averaged over several cells and divided by their respective maxima to obtain the elementary spectra. Then cells co-expressing Ire1-GFP 2 and Ire1-YFP were imaged to determine their emission spectra at each image pixel (Fig. 8a ). These were unmixed (Fig. 8b) , using a spectral decomposition method described in Materials and Methods and the elementary spectra determined previously, to obtain images of the donor fluorescence in the presence of acceptor (k DA ) and acceptor in the presence of donor (k AD ) signals (Fig.  8a, bottom panel) . From these images, the apparent FRET efficiency (E app ) was estimated for each image pixel (Fig. 8a, bottom panel) .
As seen in Fig. 8a (bottom panel) , Ire1 presented significant E app values (~30%) at distinct foci inside the cell, consistent with the existence of homooligomers. When the WT Ire1 in the Ire1-GFP 2 fusion protein was replaced by the Ire1-E746A,N749A-GFP 2 mutant, the average FRET efficiencies at most of the foci inside the cell (Fig. 8c, bottom panel) increased to more than 40%. While this simple analysis does not allow us to determine precisely the stoichiometry and geometry of Ire1 complexes, we can infer from the inversion in the emission intensities of the donor and acceptor (compare the donor and acceptor curves in Fig. 8b and d ) that the composition of the complexes of Ire1-E746A, N749A-GFP 2 with Ire1-YFP is dominated by the acceptor-tagged (YFP) WT Ire1; that is, there is more than one acceptor-tagged Ire1 in each complex, or that Ire1 forms higher-order oligomers.
Discussion Activation loop phosphorylation uncouples Ire1-RNase domain function
Most protein kinases are inactive enzymes and require activation from their latent states. Mechanisms by which kinase domains are activated vary widely from one kinase to another; however, the most common mechanism is phosphorylation within a constituent activation loop. 26 It is proposed that this loop collapses in the active site, preventing substrate and cofactor binding. Phosphorylation within it, either by itself (autophosphorylation) or by other kinase in trans, induces a major conformational change in the kinase domain. These changes include the following: (1) the DFG motif is flipped in order to coordinate the Mg 2+ -ATP in the active site; 33, 34 (2) the C-terminal end of the activation loop, which is also known as the P + 1 loop, is projected outward from the active site, thus providing a docking platform for the protein substrate; 35, 36 (3) the helix αC rotates towards the active site, thus facilitating a salt-bridge interaction with the phosphorylated activation loop; and (4) the catalytic Asp of the RD motif reorients towards the γ-phosphate of ATP. Collectively, a favorable conformation is achieved for nucleophilic attack on the γ-phosphate of ATP during the phospho-transfer reaction.
As we mentioned previously, the activation loop and its adjacent region (AIR) in the Ire1-kinase domain are reported to be a major autophosphorylation site.
14 Thus, we hypothesized that this internal region collapses not only in the kinase active site but also in the RNase active site, thus inhibiting both Ire1-kinase/RNase functions. Autophosphorylation within the AIR appears to induce a change in conformation; consequently, it moves away from the kinase/RNase active site and releases autoinhibitory interaction. Supporting the hypothesis, we have shown that an Ire1 derivative (Ire1 Δ56 ), which is devoid of the AIR, retained the ability to activate the stress response, and even its kinase-dead derivative was able to efficiently activate the stress response (Fig. 1, Ire1 Δ56 -D797N). Furthermore, we showed that another kinase-dead derivative (Ire1 PHK -D797A) in which the activation loop was functionally swapped with a loop that represented the phosphomimetic state (Fig. 2, Ire1 PHK ) was capable of activating the stress response. Thus, our data suggest that the un-phosphorylated form of the activation loop auto-inhibits both kinase/RNase domain functions whereas the phosphorylated form activates both domains, eventually favoring interdomain information flow.
ADP drives the kinase/RNase inter-domain communication
In the cross-domain information flow, binding of ADP to the Ire1-kinase domain certainly plays a critical role because ADP has a stimulatory effect on RNase activity. To glean insights into this, we analyzed the ADP binding site of the Ire1 structure, mutated those sites and tested their effects on the UPR (Fig. 7) . Lack of critical ADP-binding residues E746 and N749 in a single protein impaired the stress response, even though the E746A,N749A double mutant was able to assemble into a complex with the WT protein in yeast cells (Fig. 8) . Thus, the role of ADP in formation of the Ire1 complex in vivo is not yet clear, and future studies have been aimed at determining the stoichiometry of the protein complex. While analyzing the Ire1 derivatives with mutation in the ATP binding site, we observed that the expression of recombinant protein with an Arg mutation in the residue K702 that binds both α and β phosphates of ADP (Fig. 7a) was significantly low, suggesting that the K702R mutation might decrease the protein stability of the recombinant Ire1 protein.
Taken together, it appears that ADP binding to the Ire1-kinase domain remodels the RNase center via a dynamic mode of inter-domain communication.
We have shown that an RNase-dead Ire1 (Ire1 H1061A ) was able to autophosphorylate (Fig.  4d) , suggesting that the kinase domain function is independent of the RNase domain function. In contrast, the kinase-dead Ire1 (Ire1-D797A) or the Ire1-RNase domain only (residues M972 to S1115) was unable to cleave a target RNA hairpin (data not shown), suggesting that the RNase function requires a covalent linkage to a bona fide kinase domain.
Moreover, we have shown that two kinase-dead variants of Ire1 (Ire1 PHK -D797A and Ire1 Δ56 -D797N) were competent to elicit the stress response, suggesting that the Ire1-kinase activity and the binding of ADP to the kinase domain are two independent phenomena, though intricately related.
Dimerization precedes activation loop phosphorylation of Ire1
An important question in Ire1 signaling is: how does dimerization promote activation loop autophosphorylation, or vice versa? Which event, dimerization or activation loop phosphorylation, occurs first? Mutations of specific residues that were proposed to be important for each event showed that dimerization is required even if activation loop autophosphorylation is bypassed (Fig. 3) . Thus, dimerization is not required merely to enhance the activation loop autophosphorylation; therefore, activation loop autophosphorylation is apparently distinguishable from dimerization. In fact, our result fits with the possibility that dimerization precedes activation loop autophosphorylation and that these two events cooperatively activate the KD function.
In most active kinase domains (e.g., cAMPdependent kinase, Supplemental Fig. 2) , the phosphorylated activation loop residue interacts with the Arg of the RD motif. In addition, a basic residue from the helix αC polar contacts with the phosphate residue to create a network interaction (Supplemental Fig. 2) . 35 By contrast, the helix αC in the Ire1 structure is positioned outward from the phosphorylated activation loop, excluding the requirement of possibility of typical inter-elemental network interaction (Supplemental Fig. 2) . Furthermore, overlay of the active yeast Ire1 KD on the inactive human Ire1 KD shows that the αC-helices have different spatial orientations (Supplemental Fig. 4 ). This structural information implicates that repositioning of the helix αC is apparent during the Ire1-kinase domain activation. Also, it has been proposed that the repositioning of the helix αC and concurrent the β-phosphate of ADP triggers the Ire1 association. 16 However, our result with the Ire1 phk1 -E182A (Fig. 2 ) mutant revealed that the network of interactions with the phosphorylated activation loop is not required; however, the activation loop phosphorylation is absolutely required to alter a favorable conformation to bind ADP precisely in the kinase active site. In fact, the ADP binding to the Ire1 phk1 -E182A protein remains unchanged (Fig. 6) , providing a molecular explanation of the Ire1 phk1 -E182A-mediated stress response.
Finally, we propose a refinement of the model of Ire1 activation (Fig. 9 ). Ire1 is a monomer and latent enzyme with the auto-inhibitory loop encompassing the activation loop bound to the active site of either kinase or RNase domain. During ER stress conditions, unfolded proteins bind to the LD, 11, 28, 30 which triggers dimerization of Ire1. During this transition, each monomer of the complex is activated via autophosphorylation within the auto-inhibitory loop. The phosphorylated inhibitory loop changes its In resting cells, the ER transmembrane protein Ire1 remains as an inactive monomer with the LD (green) bound to Kar2. 7, 28 The bilobal kinase domains (black) and RNase domain (light sky) are latent with an un-phosphorylated auto-inhibitory loop (orange line) that collapses in the kinase/RNase active sites. Unfolded proteins (tangled purple lines) during ER stress promote precise dimerization that triggers autophosphorylation of the inhibitory loop. The phosphorylated inhibitory loop changes the conformation. As a result, the phosphorylated loop moves away, releasing the auto-inhibitory interaction. The phosphorylated dimer binds to ADP and proceeds to form large-scale active oligomers. conformation so that it swings out of the kinase/ RNase active site, thus relieving the negative regulation and facilitating precise ADP binding. The phosphorylated Ire1 ⋅ ADP complex proceeds to formation of an oligomer that favors the KEN domain-mediated HAC1 mRNA cleavage and transmits the ER stress signal to the cytoplasm.
Approximately 10% of KDs are unable to phosphorylate a substrate and are called pseudokinase domains. 18 These pseudokinases lack either an Nlobe, a C-lobe, or one/two canonical kinase motifs (e.g., DFG and RD), and positively or negatively regulate the functions of the adjacent domain. 37 For example, a pseudokinase domain of human RNase L positively regulates its RNase domain function, 38 whereas the pseudokinase domain negatively regulates the tyrosine kinase activity of JAK2. 39 In this study, we have shown that the truncation of the activation loop (e.g., Ire1
Δ56 ) eliminated the requirement for the kinase activity, but a functional ADP-dependent coupling between the KD and the KEN domains is essential for the UPR. Additional experiments are needed to decipher the molecular interactions that link the ADP binding to the KD with activation of the KEN domain. Nonetheless, this work provides an important insight into the possible evolution of a pseudokinase. In the process of evolution, a specific domain combination is created, preserved, and inherited due to functional necessity. The engineered Ire1
Δ56 -D797N pseudokinase provides a clue that pseudokinase domain might exert function by preserving its nucleotide binding capacity.
Materials and Methods
Yeast strains, growth condition, and plasmids
The ire1Δ yeast strain (MATa his3-Δ1 leu2-Δ0 met5-Δ0 ura3-Δ0 ire1::kanMX) was obtained from the yeast genome deletion collection, a gift from Dr. Thomas E. Dever, National Institutes of Health. Synthetic minimal medium (SD) supplemented with appropriate nutrients was used to maintain the plasmids containing WT Ire1 or its derivatives. For the UPR assay, yeast growth was tested on SD medium containing ER stress inducer Tm (0.4 μg/ml).
Three low-copy-numbered LEU2 plasmids (D72, D75, and D228) carry the WT IRE1 gene. The IRE1 gene in D75 (IRE1 FLAG ) was tagged with a FLAG (DYKDDDDK) encoding sequence at the C-terminus. 8 The IRE1 gene in D228 (IRE1 Δ24 ) was constructed by deleting an internal sequence encoding residues C869 to F892. Mutations were introduced in the IRE1 gene by fusion PCR. The Ire1 cyto (residues 658 to 1115) was PCR amplified from the respective plasmid by high-fidelity PCR super-mixture (Invitrogen). The PCR product was digested with NdeI/ BamHI and sub-cloned into bacterial expression plasmid D23 (pET15B, NOVAGEN). The plasmids used in this paper are listed in the Supplemental Information 1.
Western blot analysis, protein expression, and purification
Yeast cells expressing Ire1 derivatives were grown in SC-Leu medium overnight at 30°C to saturation, diluted in a fresh medium, and grown till the OD 600 reached 0.8. DTT (2 mM) was added to induce ER stress and cells were harvested after 4 h. Whole cell extracts were prepared into 10% trichloroacetic acid (TCA) solution essentially as previously described. 40 Yeast cells were grown to OD 600 0.6 and harvested, and a solution of 100% TCA solution was added and kept in ice for an hour. Then, cells were collected by centrifugations, resuspended in a 10% TCA solution, and broken by glass beads. Cell suspension with precipitated proteins was then transferred to a new tube and collected by centrifugation. The precipitated proteins were dissolved in a buffer containing 0.5 M Tris-HCl, pH 8.0, 1% SDS, 12.5% glycerol, 0.005% bromophenol blue, and 1 mM β-mercaptoethanol (β-ME). Proteins were then subjected to SDS-PAGE and Western blot analysis using a polyclonal antibody raised against the recombinant Ire1 cyto (Covance Inc., USA). His 6 -Ire1 cyto fusion constructs were introduced in Escherichia coli BL21 (DE3) plus cells (NOVAGEN). A culture of these cells (A 600 = 0.5-0.8) was induced with 0.5 mM IPTG for 6 h at 37°C, and cells were collected. His 6 -Ire1 cyto fusion proteins were purified by nickel resin (QIAGEN) followed by gel filtration, using standard manufacturer's protocol.
RNA isolation, RT-PCR, and RNA cleavage assay
Total RNA was isolated from yeast cells using Qiagen RNeasy Mini Kit. From total RNA preparation, the first strand cDNA was synthesized by SuperScript™ III reverse transcriptase (Invitrogen) using a HAC1 gene specific primer. The first strand cDNA was then PCR amplified by a set of two primers: the forward primer spanning the region + 35 to + 60 region (adenine of the start codon AUG of HAC1 mRNA is numbered as + 1) and the reverse primer spanning the region + 1002 to + 1025.
RNA cleavage assay: An RNA oligonucleotide (CUU-GACUGUCCG*AAGCGCAGUCA, * = Ire1 cleavage site) corresponding to the 3′-splicing hairpin of HAC1 mRNA was synthesized from Sigma-Genosys and labeled with the fluorescein at the 5′ end. This 5′-fluorescein-labeled RNA was mixed with the recombinant Ire1 cyto protein in a reaction buffer (50 mM sodium phosphate, pH 6.6, 500 mM NaCl, 20 mM MgCl 2 , 1 mM β-ME, 2.5% glycerol, and 2 mM ADP). The reaction was then quenched by an RNA loading buffer (50% glycerol, 50% formamide, 20 mM ethylenediaminetetraacetic acid, and 0.001% bromophenol blue). The reaction products were separated on a denaturing polyacrylamide gel (16%). The target RNA and its cleavage products were visualized under UV light.
Oligomerization assay of the recombinant Ire1 cyto protein
The recombinant Ire1 cyto proteins were incubated in buffer containing 20 mM Hepes, pH 7.6, 70 mM NaCl, 2 mM MgCl 2 , 2 mM β-ME, and 5% glycerol as described earlier 16 in the presence and absence of ADP for 20 min at 25°C and ODs were measured at 490 nm by UVSpectrophotometer (Eppendorf BioPhotometer plus).
ADP binding assay by ITC
The ITC experiments were performed using a Nano-ITC-200 (TA Instruments, New Castle, DE). The recombinant Ire1 cyto (70 μM) protein was dialyzed in a buffer containing 50 mM sodium phosphate (pH 6.6), 500 mM NaCl, 20 mM MgCl 2 , 1 mM β-ME, and 2.5 % glycerol at 20°C. The ADP solution (1.5 mM) was serially titrated against the Ire1 protein solution using 30 consecutive injections at 300-s intervals. The resultant binding isotherms were processed by Nano-analyze data analysis software using one-site binding model (version 2.1.13). The resultant graphs were prepared using MS Excel.
FRET analysis
An optical micro-spectroscopy (OptiMiS) setup Aurora Spectral Technologies (Milwaukee, WI) consisting of a two-photon microscope with spectral resolution 41 built around an inverted Nikon Ti-E Inverted Microscope (Nikon Instruments Inc., New York) equipped with a high NA = 1.45, 100 × objective was employed to study the homooligomerization of Ire1 in its WT and mutated forms, as described in detail elsewhere. Briefly, a tunable femtosecond Ti:Sapphire laser (MaiTai HR, NewPort) provided excitation light at 800 nm (to excite the donor, GFP 2 ) and 1040 nm (to excite the acceptor, YFP). Cells harboring Ire1-GFP 2 31 were imaged using 800-nm excitation light, while cells expressing Ire1-YFP 32 were imaged using 1040-nm excitation light. The average emission spectra obtained from several cells were normalized to obtain elementary emission spectra of donor and acceptor. The YFP (acceptor) excitation by the 800-nm laser light is negligible and hence forms an excellent FRET pair with GFP 2 , which has an excitation maximum at about 400 nm in single-photon regime (or 800 nm in two-photon excitation).
Cells co-expressing Ire1-GFP 2 (either WT or mutated forms) and Ire1-YFP were imaged following excitation at 800 nm. Spectral images obtained from these cells were unmixed, using elementary spectra of donors and acceptors determined as described above and a modified version of the unmixing algorithm described previously, 41, 42 to obtain the auto-fluorescence background, donor fluorescence intensity in the presence of acceptor (k DA ), and the acceptor fluorescence intensity in the presence of donor (k AD ) at every pixel of the imaged section of the cell. The spatial distribution map of FRET efficiencies was computed from the k DA and k AD values by using the following equation:
where w D and w A are the integrals of the normalized donor and acceptor spectra, respectively, Q D (= 0.55) is the quantum yield of the donor, and Q A (= 0.61) is the quantum yield of the acceptor. 43 
Structure analysis
We analyzed protein structure using the computer software PyMOL †.
